Proper placement of the tracheal tube requires confirmation, and the predominant method in addition to clinical signs is the presence of end-tidal carbon dioxide. Such is the importance of confirmation that novel methods may also have a place. We previously demonstrated using ex-vivo swine tissue a unique spectral reflectance characteristic of tracheal tissue that differs from oesophageal tissue. We hypothesised that this characteristic would be present in living swine tissue and human cadavers. Reflectance spectra in the range 500-650 nm were captured using a customised fibreoptic probe, compact spectrometer and white light source from both the trachea and the oesophagus in anesthetised living swine and in human cadavers. A tracheal detection algorithm using ratio comparisons of reflectance was developed. The existence of the unique tracheal characteristic in both in-vivo swine and cadaver models was confirmed (p < 0.0001 for all comparisons between tracheal and oesophageal tissue at all target wavelengths in both species). Furthermore, our proposed tracheal detection algorithm exhibited a 100% positive predictive value in both models. This has potential utility for incorporation into airway management devices.
Introduction
Catastrophic consequences can occur within minutes from a dislodged tracheal tube or unrecognised intubation of the oesophagus [1] [2] [3] . Moreover, multiple attempts at intubation are dangerous [2] . Proper placement can be confirmed through directly seeing the tracheal tube passing through the vocal cords and observing the chest rising and falling with ventilation. However, confirmation of intubation using this method can be compromised in 'difficult airway' scenarios (such as those resulting from maxillofacial trauma or swollen tissues) which may occur as frequently as 50% in the prehospital environment [4] .
Objective confirmatory measurements such as capnography or capnometry are routinely used to confirm tracheal placement [5] and the use of pre-hospital continuous end-tidal carbon dioxide monitoring significantly reduces the incidence of oesophageal intubation [6] [7] [8] [9] . Unfortunately, end-tidal carbon dioxide-monitoring devices require several breaths to allow enough exposure for detection, can be compromised in some cases of cardiac arrest owing to low blood flow and insufficient levels of carbon dioxide produced [10, 11] and yield false positives when exposed to acidic contents (gastric contents) or drugs (e.g. lidocaine) [12, 13] . Despite the importance of end-tidal carbon dioxide monitoring, there are greatly variable rates in its pre-hospital use [10, 14, 15] . There exists a need for novel mechanisms that can rapidly confirm tracheal placement and provide continuous patient monitoring independent of carbon dioxide levels. We have previously demonstrated in ex-vivo and in-situ swine that tracheal and oesophageal tissues have unique spectral profiles which may allow for rapid differentiation between the two tissue types [16, 17] . The present study expands these spectral studies into in-vivo swine and human cadavers. We hypothesised that the unique spectral characteristic of tracheal tissue would remain distinguishable in living swine. Furthermore, we hypothesised that the trachea and oesophagus of human cadavers would exhibit the same spectral reflectance profiles.
Methods
Our investigation consisted of two stages: experimental studies using in-vivo swine; and human cadavers.
For both swine and cadaver tests, reflectance spectra were captured using a fibreoptic reflection probe connected to a compact spectrometer and white light source, as described previously [16] . Our prior work The fibreoptic probe was introduced into the trachea and oesophagus using direct laryngoscopy with a bougie attached to the body of the probe to provide rigidity for improved control and placement. Five captures were taken in each of the trachea and oesophagus at variable depths. The reflectance spectra for both swine and human cadaver tests were collected through the SpecSoft Software and imported into MATLAB for spectral analysis. Spectra collected during three separate baseline periods in the swine study were directly compared with cadaver data.
All tracheal and oesophageal spectra were individually plotted and inspected for signal fidelity or erroneous captures. Based on previous work characterising the unique characteristic in the 500-650 nm range, all spectra were cropped to focus on this region. The mean value was subtracted from each spectrum to establish the same baseline for more direct comparison. Data were then smoothed using a moving average filter to attenuate noise.
To qualitatively compare spectra among pig and cadaver subjects, reflectance spectra for each subject's trachea and oesophagus were averaged by summing the value at each data point across the captured profiles and dividing by the number of profiles in order to arrive at one reflectance spectrum representing the trachea and one reflectance spectrum representing the oesophagus for each subject.
The averaged reflectance spectra for subjects were then plotted simultaneously, within species and tissue type, to inspect for and compare any differences in spectral characteristics.
With 
The detection ratios were calculated for each spectrum capture in swine (n = 105) and human cadavers (n = 40). All values were plotted and the lines of best delineation between the tracheal and oesophageal ratio points were determined from observation; these were termed 'upper threshold' and 'lower threshold'. For each capture, ratios above the upper threshold were termed as a positive detection, indicating a tracheal detection, and ratios below the lower threshold were termed as a negative detection, indicating an oesophageal detection. Sensitivity, specificity and positive predictive value (PPV) were then calculated from the comparisons between the tissue types, as determined by the ratio detection vs. the true tissue type.
Results
Five spectral captures were taken in the trachea and oesophagus during three baseline periods, totalling 15
captures in each tissue per pig (n = 8). One pig's spectral data were discarded during post-collection data analysis due to improper calibration, yielding seven complete sets of swine captures. Figure 1 shows the averaged spectral profile for each pig's trachea and oesophagus, with the average spectra of all captures indicated by the bold line.
Tracheal spectra (Fig. 1, top panel) generally exhibited the same peak as previously described [16] , with local minima around 543 nm and 578 nm and a local maximum around 561 nm. The oesophageal data (Fig. 1, bottom panel) also displayed a slight peak with similar characteristics;
however, when juxtaposed to the tracheal spectra, the feature appears less prominent in amplitude. To quantitatively compare differences in spectra with respect to the wavelengths of interest, reflectance values at 543 nm, 561 nm and 578 nm were extracted from each capture (n = 105).
The reflectance values at all three wavelengths were significantly different between trachea and oesophagus (Table 1) .
Spectral data were also collected on eight fresh frozen human cadavers, with five captures in each tissue per cadaver, yielding a total of 40 captures. Figure 2 shows the averaged tracheal and oesophageal spectrum for each cadaver, with the average for all captures bolded.
Qualitative analysis confirmed existence of the tracheal signature, with the oesophageal spectra more closely mirroring the previous findings with a more gradual negative slope over the region of interest [16] . Reflectance values at all three wavelengths differed (p < 0.001) between trachea and oesophagus ( Table 2 ). calculating the detection ratios. The sensitivity, specificity and PPVs were calculated for each of the ratios (Table 3 ). All ratios demonstrated high sensitivity (≥ 65%), specificity (≥ 85%) and PPV (≥ 88%), with three of the four ratios demonstrating a PPV of 100%.
Discussion
The major finding of this study is that the previously identified unique spectral characteristic of tracheal tissue The characteristic was evident in both living swine and human cadavers, which suggests that the spectral signature is inherent to the tissue itself, regardless of perfusion status. Qualitatively, the tracheal reflectance spectra appeared very similar between swine and human cadavers, whereas the oesophageal spectra in in-vivo swine exhibited a vague peak in the same range as the tracheal peak (Fig. 3) . Quantitatively, the similarity of the tracheal spectra between species was supported by the lack of significance when comparing the reflectance at the target wavelengths. Conversely, comparisons of oesophageal spectra between species were significantly different at 561 nm and 578 nm.
The inherently different structural properties of the trachea and the oesophagus likely contribute to the significant difference in spectral reflectance between the two tissue types. Both oesophageal and tracheal tissue possess superficial epithelium and lamina propria layers.
However, the deeper layers of the oesophagus are comprised of mucosa and muscularis, whereas the trachea possesses glandular and hyaline cartilage layers [19, 20] .
Although there is little in the literature describing the absorption or reflectance spectra of tracheal and oesophageal tissue outside the present investigation, it has been well characterised that the absorption spectra of oxygenated haemoglobin exhibits peaks around 540 nm and 580 nm [21] . Thus, the reflectance becomes the inverse Figure 3 Comparison of in-vivo swine tracheal reflectance spectra (red), human cadaver tracheal reflectance spectra (purple), in-vivo swine oesophageal reflectance spectra (blue) and human cadaver oesophageal reflectance spectra (green). Vertical black lines denote the filters applied for 543 nm, 561 nm and 578 nm. Table 3 Sensitivity, specificity, positive predictive values (PPVs) for swine and cadaver detection ratios.
Sensitivity Specificity PPVs
Swine ratio B 97% 85% 88%
Swine ratio Y 81% 100% 100%
Cadaver ratio B 69% 100% 100%
Cadaver ratio Y 65% 100% 100%
and peaks become troughs. The described local minima of tracheal tissue reflectance at 543 nm and 578 nm align with this absorption character of oxygenated haemoglobin and suggest that it may play a role in the observed characteristic.
Although oxygenated haemoglobin is present in both tracheal and oesophageal tissues, the relative magnitude of the observed troughs likely stem from the differences in tissue layers, composition and relative thickness -all of which contribute to the relative fraction of absorption and scattering components [22] . evaluating tracheal stenosis or tissue engineering [19, 24] .
One investigation exploring bronchial tissue for detecting cancerous regions using differential path-length spectroscopy reported reflectance spectra with characteristics similar to that of the tracheal tissue in the 500-650 nm range [25] . with airway trauma [28] . We hope to overcome these limitations in future studies.
